Uptake of L-glutamate into synaptic vesicles is mediated by vesicular glutamate transporters (VGLUTs). Three transporters (VGLUT1-VGLUT3) are expressed in the mammalian CNS, with partial overlapping expression patterns, and VGLUT2 is the most abundantly expressed paralog in the thalamus, midbrain, and brainstem. Previous studies have shown that VGLUT1 is necessary for glutamatergic transmission in the hippocampus, but the role of VGLUT2 in excitatory transmission is unexplored in glutamatergic neurons and in vivo. We examined the electrophysiological and behavioral consequences of loss of either one or both alleles of VGLUT2. We show that targeted deletion of VGLUT2 in mice causes perinatal lethality and a 95% reduction in evoked glutamatergic responses in thalamic neurons, although hippocampal synapses function normally. Behavioral analysis of heterozygous VGLUT2 mice showed unchanged motor function, learning and memory, acute nociception, and inflammatory pain, but acquisition of neuropathic pain, maintenance of conditioned taste aversion, and defensive marble burying were all impaired. Reduction or loss of VGLUT2 in heterozygous and homozygous VGLUT2 knock-outs led to a graded reduction in the amplitude of the postsynaptic response to single-vesicle fusion in thalamic neurons, indicating that the vesicular VGLUT content is critically important for quantal size and demonstrating that VGLUT2-mediated reduction of excitatory drive affects specific forms of sensory processing.
Introduction
Before release of L-glutamate from excitatory synapses, glutamate is transported into synaptic vesicles by vesicular glutamate transporters (VGLUTs). Three distinct VGLUT genes have been identified in mammals (Ni et al., 1994; Aihara et al., 2000; Bellocchio et al., 2000; Bai et al., 2001; Fremeau et al., 2001; Herzog et al., 2001; Takamori et al., 2001 Takamori et al., , 2002 Schafer et al., 2002) . The transporters use a membrane potential gradient set by the vesicular H ϩ -ATPase for glutamate uptake (Maycox et al., 1988) . It is not known whether the three VGLUTs perform distinct functions in the nervous system. Uptake studies did not reveal significant differences in transport rates and substrate affinity for VGLUT1-VGLUT3, and overexpression of VGLUT1 or VGLUT2 in nonglutamatergic neurons showed similar spontaneous release, indicating that both gene products function with similar efficiency and are functionally redundant (Bellocchio et al., 2000; Takamori et al., 2000 Takamori et al., , 2001 Takamori et al., , 2002 Herzog et al., 2001 ). However, VGLUT1-VGLUT3 have distinct temporal and spatial expression profiles (Fujiyama et al., 2001; Herzog et al., 2001; Gras et al., 2002; Kaneko et al., 2002; Fremeau et al., 2004a) . Whereas VGLUT1 is present in neurons of the cerebral cortex, hippocampus, and cerebellar cortex and has a late onset of expression, VGLUT2 is expressed in early development and is most abundant in the thalamus and lower brainstem regions of adult rodents. Spinal cord and primary sensory neurons primarily express both VGLUT1 and VGLUT2 (Landry et al., 2004) . Genetic deletion of VGLUT1 has been shown by two laboratories to disrupt synaptic glutamate release in hippocampus (Fremeau et al., 2004b; Wojcik et al., 2004) , but the role of VGLUT2 in glutamatergic transmission in the hippocampus or elsewhere is not well characterized.
In addition to different roles for each VGLUT isoform, transport numbers may also be functionally important. Increasing the amount of VGLUT1 at the synapse has been shown to increase quantal size (Wojcik et al., 2004; Wilson et al., 2005) . Alterations in VGLUT expression levels have been measured in response to pharmacologic manipulations (De Gois et al., 2005; Wilson et al., 2005) and in brains of schizophrenic and Parkinson's patients (Eastwood and Harrison, 2005; Kashani et al., 2006) . The effects of these alterations in fast excitatory transmission on behavior is unknown, but alterations in the levels of the vesicular monoamine transporter VMAT2 have been shown to affect both quantal size and behavior (Takahashi et al., 1997; Pothos et al., 2000) .
Here we deleted the Slc17a6 gene encoding VGLUT2 in mice and show that homozygous null mice die at birth. Although heterozygous mice express 50% of wild-type levels of VGLUT2 protein, they show discrete behavioral phenotypes that suggest a deficit in thalamic processing. Electrophysiological analysis shows that VGLUT2 is necessary for glutamatergic signaling in the thalamus but not the hippocampus. In addition, we observed graded reduction in miniature EPSC (mEPSC) amplitude in VGLUT2 ϩ/Ϫ and VGLUT2 Ϫ/Ϫ thalamic neurons compared with VGLUT2 ϩ/ϩ , demonstrating that the overall VGLUT content controls the amount of glutamate molecules loaded into single vesicles.
Materials and Methods

Generation of VGLUT2 knock-out mice
VGLUT2 knock-out mice were developed in collaboration with Lexicon Genetics (The Woodlands, TX) using a PCR probe derived from the second coding exon of the murine VGLUT2 gene. Clones were isolated by screening of the 129SvEvBrd-derived lambda pKOS genomic library (Wattler et al., 1999) . A 9.8 kb genomic clone spanning the first three coding exons was used to generate the targeting vector. An IRESBgeo/ PGKpuro selection cassette was inserted as an SfiI fragment to replace a 287 bp VGLUT2 genomic fragment spanning exon 2 after yeastmediated homologous recombination. The NotI-linearized vector was electroporated into 129 Sv/Evbrd(LEX1) embryonic stem (ES) cells, and puromycine-resistant ES cell clones were isolated and analyzed for homologous recombination by Southern blot analysis. Targeted ES cell clones were injected into C57BL/6(albino) blastocysts, and the resulting chimeras were mated to C57BL/6(albino) females to generate animals heterozygous for the mutation. These were subsequently crossed to generate all three genotypes used in these studies. PCR was used to screen genotypes by using DNA isolated from mouse-tail biopsy samples. Primers 5Ј-GGTGCTGGAGAAGAAGCAG-3Ј and 5Ј-CAAGCCTTCCT-CTTTCAGTGG-3Ј amplified a 333 bp band from the wild-type allele, whereas primers 5Ј-CAAGCCTTCCTCTTTCAGTGG-3Ј and 5Ј-CGCAAGCCCGGTGCCTGA-3Ј amplified a 503 bp band from the knock-out allele.
Quantitative reverse transcription-PCR analysis
Quantitative reverse transcription (RT)-PCR analysis was used to show expression of the VGLUT2 transcript. Total RNA was isolated from different tissues derived from embryonic day 18 (E18) embryos, using Trizol (Invitrogen, Carlsbad, CA), and first-strand cDNA synthesis was performed on 0.5 g of total RNA using random hexamer primers and SuperscriptII RT (Invitrogen). Quantitative PCR was performed on an ABI Prism 7700 cycler (Applied Biosystems, Foster City, CA) using a Taqman PCR kit. Serial dilutions of cDNA were used to generate standard curves of threshold cycles versus the logarithms of concentration for ␤-actin VGLUT1 and VGLUT2. A linear regression line calculated from the standard curves allowed the determination of transcript levels in RNA samples from mice. The primer-probe pair of the respective genes of interest (see below) relative to actin was used to assess expression levels: VGLUT2, primer 5Ј-TGCTACCTCACAGGAGAATGGA-3Ј; primer 5Ј-GCGCACCTTCTTGCACAAAT-3Ј; probe, 5Ј-CCTTTTTCT-CCCAGCCGTTAGGCCA-3Ј [5Ј, 6-carboxyfluorescein (FAM); 3Ј, 6-carboxytetramethylrhodamine (TAMRA)]; actin, primer 5Ј-CATCT-TGGCCTCACTGTCCAC-3Ј; primer 5Ј-GGGCCGGACTCATCGTA-CT-3Ј; probe 5Ј-TGCTTGCTGATCCACATCTGCTGGA-3Ј (5Ј, FAM; 3Ј, TAMRA).
Western blot analysis
Brains from E18.5 wild-type, heterozygous, and homozygous embryos were used to prepare a vesicular enriched fraction with the MITO-ISO1 kit from Sigma (St. Louis, MO) following the technical bulletin of the manufacturer. Pellets were resuspended in 75 l of 1ϫ storage buffer, followed by a BCA protein determination (Pierce, Rockford, IL). VGLUT 2 aggregates after boiling, so SDS-PAGE was performed only with 25 g/lane nonboiled samples on 7.5% Tris-glycine PAGEr Duramide precast gels (Cambrex, East Rutherford, NJ) and transferred by semi-dry blotting (1 mA/cm 2 for 1 h) to Invitrolon polyvinylidene difluoride membranes 0.45 M (Invitrogen). After blocking in 5% nonfat dry milk in Tris-buffered saline plus 0.1% Tween 20, blots were incubated with anti-VGLUT2 affinity-purified rabbit polyclonal antibody with an identified epitope located between amino acid residue 510 and 582 (Synaptic Systems, Göttingen, Germany) at 1:5000, followed by reaction with secondary anti-rabbit horseradish peroxidase and Supersignal West-Dura detection (Pierce). The signal intensity was measured using the LumiImager from Roche Applied Science (Basel, Switzerland).
Mouse care
Animals were maintained in an specific pathogen-free facility that meets all Belgian and European Union requirements for animal care. Mice were group housed in a climate-controlled animal colony with a 12 h light/ dark cycle (light on 6:00 A.M.) with access to food and water ad libitum, except during some of the behavioral testing. Adequate measures were taken to minimize pain or discomfort. All experiments were performed in accordance with the European Communities Council Directives (86/ 609/EEC) and Baylor College of Medicine guidelines and were approved by the local ethical committee.
Behavioral analysis
In the different behavioral tests, VGLUT2
ϩ/ϩ and VGLUT2 ϩ/Ϫ littermates (n ϭ 12 for each group), aged 3-4 months, were used. General assessment of neuromotor performance and fear-related behavior were done using standard behavior protocols (supplemental data, available at www.jneurosci.org as supplemental material).
Defensive burying test. Mice were placed individually in transparent plastic cages (15 ϫ 26 ϫ 42 cm) containing 5 cm of sawdust and 24 identical glass marbles (ϳ1.5 cm diameter) evenly spaced 2 cm from the cage wall (Njung'e and Handley, 1991; Millan et al., 2000) . The cages were placed on a platform 80 cm above the floor and under bright illumination. After 30 min, the mice were returned to their home cage, and the number of marbles buried at least two-thirds by sawdust was counted.
Morris water maze. Spatial memory abilities were examined in the standard hidden-platform acquisition and retention and reversal learning versions of the Morris maze. A 150 cm circular pool was filled with water, made opaque with nontoxic white paint, and kept at 26°C as described previously (Morris, 1989; D'Hooge et al., 2005) . A 15 cm round platform was hidden 1 cm beneath the surface of the water at a fixed position. Each daily trial block consisted of four swimming trials (10 min intertrial interval) starting randomly from each of four starting positions. Mice that failed to find the platform within 2 min were guided to the platform, where they remained for 15 s before being returned to their cages. At the end of acquisition training, a probe trial was performed during which the platform was removed from the pool, and the search pattern of the mice was recorded for 100 s, followed by a reversal trial in which the platform was moved to the opposite quadrant (supplemental data, available at www.jneurosci.org as supplemental material). Swimming paths of the animals were recorded using EthoVision video tracking equipment and software (Noldus, Wageningen, The Netherlands).
Context-dependent fear conditioning. Cue-and context-dependent fear conditioning were tested in a previously described protocol (Paradee et al., 1999) . On the first day, the animals were placed in the testing chamber (22.5 ϫ 32.5 ϫ 33.3 cm; Plexiglas cage with a grid floor) and were allowed to acclimate for 5 min. On day 2, they were first allowed to explore the testing chamber for 2 min [pre-unconditioned stimulus (US) score]. A 30 s tone [conditioned stimulus (CS)] was delivered (frequency, 2150 Ϯ 200 Hz; Star Micronics, Piscataway, NJ), which coterminated with a 2 s, 0.35 mA footshock (the US). Two minutes later, a second pairing of the CS and US was presented, followed by another 30 s exploration (post-US score). Twenty-four hours later, the animals were returned to the testing chamber for 5 min exploration in the same context as the previous day (context score). Ninety minutes later, the animals were returned to the test chamber, but now the grid floor was hidden with a Plexiglas plate and odorized sawdust to alter the context of the testing chamber. The animals were observed for 6 min. During the first 3 min, no stimulus was delivered (pre-CS score). During the next 3 min phase, the auditory cue was delivered (CS score). Under the different conditions, animals were scored for freezing every 10 s, leading to a maximum score of 12 bouts of freezing during baseline trials, 21 during the shock trials, 30 during the context trials, and 18 for both the pre-CS and CS trials. A freezing score was expressed as the percentage of freezing bouts versus the total number of bouts in each of the five trial blocks.
Conditioned taste aversion. Mice were trained to drink water from modified 15 ml Falcon tubes two times a day for 30 min. On conditioning day, mice were presented saccharin-flavored water (0.5% saccharin sodium in water) to drink, and, 30 min later, they were injected intraperitoneally with lithium chloride in saline solution (4.5 mEq/kg) to induce nausea. Six, 24, 48, 72 , and 96 h later, mice were presented simultaneously water and saccharin solution from two drinking tubes, allowing free choice. The aversion index (AI) was calculated as AI ϭ water drunk/ (water intake ϩ saccharin intake).
Hot plate test. Mice were placed on a metal surface maintained at 50 Ϯ 0.3, 52 Ϯ 0.3, 54 Ϯ 0.3, or 56 Ϯ 0.3°C. The temperature of the plate was monitored at all times. Locomotion of the mouse on the plate was constrained by a colorless acrylic cylinder (outer diameter, 20 cm). To remove traces of urine and feces, the plate was wiped with a cloth. Mice were placed on the hot plate one at a time, and the response latency to the heat stimulus was measured to the nearest 0.1 s. To prevent tissue damage, a cutoff time was used (30 s). Mice remained on the plate until they performed one of the behaviors regarded as indicative of nociception: hindpaw lick, hindpaw shake/flutter, and hindpaw lift, or until the cutoff time has elapsed. Only hindpaw responses were used, because forepaw licking and lifting are components of normal grooming behavior. Each mouse was tested two times for each temperature with at least 15 min between each measurement. An interval of at least 30 min was used between testing the mice for a different temperature.
Tail withdrawal test. Mice were slightly restrained in a cloth "pocket" into which they entered voluntarily. The distal half of the tail was then dipped into a bath of warm water, which was thermostatically controlled (47 Ϯ 0.5, 49 Ϯ 0.5, 51 Ϯ 0.5, or 53 Ϯ 0.5°C). Latency to respond to the heat stimulus with vigorous flexion of the tail was measured to the nearest 0.1 s using a manual stopwatch. Animals were removed immediately after responding and the tail was wiped off with a cloth. A cutoff time of 25 s was adopted. Two separate withdrawal latency determinations (separated by ϳ15 min) for each animal were averaged.
Hargreaves' test. Before testing, mice were acclimatized in the clear plastic testing chambers (outer diameter, 14 cm) until exploratory activity has ceased. Thermal pain thresholds of the hindpaws were determined by applying radiant heat to the plantar surface of the hindpaws from underneath. The radiant heat produced a continuous rise in temperature of the paw until the pain threshold of the animal was reached and the animal withdrew the paw from the stimulus. Paw withdrawal latencies were recorded three times on each hindpaw with an interval of at least 2 min. Results were expressed as the mean withdrawal latencies (seconds).
Formalin test. To assess the paw flinch behavior after injection of formalin, the automated nociception analyzer (University of California, San Diego, La Jolla, CA) was used. A soft metal band ("C" shaped) was placed on the hindpaw, and mice were placed in the plastic testing chambers (outer diameter, 8 cm). After 2 h of habituation in the cylinder, mice were injected with 25 l of a 1% formalin solution in the subplantar surface of the banded paw. Each animal's flinch count value over a 1 min interval is measured over the duration of the study (60 min). For statistical comparison, the total number of flinches observed during the selected time periods (phase I, 0 -9 min; phase II, 10 -60 min; phase IIA, 10 -40 min; phase IIB, 41-60 min) is calculated by accumulating each individual animal's flinches over that time period and averaging the group.
Carrageenan subplantar injection. Peripheral inflammation was produced in the mice by a 25 l subcutaneous injection of a 2% carrageenan solution (Sigma, Steinheim, Germany) into the subplantar side of the left hindpaw using a syringe with a 30 gauge needle. Control animals received an injection of saline (25 l). Mice were tested for thermal sensitivity on the heat test of Hargreaves' as described above. Before the injection, baseline latencies were measured twice with an interval of 15 min. Postinjection latencies were measured after 3, 4, 5, and 6 h.
Spared nerve injury. Baseline thresholds were recorded from VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ littermates performing the automated von Frey system and the acetone spray test. Surgical procedures as described by Shields et al. (2003) were performed under gas anesthesia with a mixture of isoflurane (5% for induction and 3% for maintenance), oxygen, and N 2 O. After skin and muscle incision of the left hindleg, two of the three terminal branches of the sciatic nerve (sural and common peroneal nerve) were tightly ligated with 9-0 virgin silk suture (Ethicon, Somerville, NJ). The ligated branches were then transected distal to the ligation, and a 2-4 mm section of the nerve was removed to prevent rejoining. Caution was taken to minimize any contact with the spared nerve (tibial nerve). The muscle and skin layer were closed separately by using 6-0 Vicryl suture (Ethicon) and 6-0 Mersilk suture (Ethicon), respectively. Sham mice were made by following the same surgical procedure without touching any nerve. Responses to mechanical and thermal thresholds were measured 2, 6, 9, 14, and 21 d after injury.
von Frey test. To assess mechanical allodynia, mice were placed in individual wire-mesh floored cages to allow insertion of the mechanical probe against the plantar surface of the hindpaw. The animals were allowed to habituate to the testing chambers for at least 1 h before the first measurement. By using a mechanical force transducer and metal probe, the mean force required to evoke a withdrawal response was calculated from three measurements for both hindpaws.
Acetone test. This test was used for the determination of the reactivity to a cold, chemical, and possibly mechanical stimulation. The mice were housed in a similar manner as in the von Frey test. From below the grid, 50 l of acetone was sprayed onto the plantar surface of the left hindpaw with an Eppendorf multistepper pipette. The time spent licking, flinching, and lifting during 1 min after being exposed to the acetone was recorded.
Statistics. In all behavior studies, results are expressed as mean Ϯ SEM. To identify significant differences between VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ mice, statistical comparisons were done with ANOVA. When appropriate, pairwise multiple comparison procedures were performed using the Holm-Sidak method. In all cases, significant levels were set at p Ͻ 0.05. Correlations between variables were assessed using Pearson's product-moment correlation coefficient.
Primary neuronal cell culture and electrophysiology
Standard procedures were taken to culture both thalamic and hippocampal neurons from E18.5 mouse embryos. Both cultures were plated on astrocytes derived from neonatal cortex tissue. Neurons were plated on island cultures at a density of 2000 -3000 neurons per 35 mm dish. Recordings were performed from 14-to 18-d-old neurons. Standard extracellular solution contained the following (in mM): 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 4 MgCl 2 , and 4 CaCl 2 , pH 7.3 (305 mOsm). Internal solution contained the following: 135 mM KCl, 18 mM HEPES, 1 mM EGTA, 4.6 mM MgCl 2 , 4 mM ATP, 0.3 mM GTP, 15 mM creatine phosphate, and 20 U/ml phosphocreatine kinase. Patch pipettes were fabricated from thick-walled borosilicate glass and had resistances of 2.5-3.5 M⍀. Series resistance was compensated by 75% and was usually below 12 M⍀ before compensation. The readily releasable vesicle pool (RRP) was estimated using published procedures (Rosenmund and Stevens, 1996) .
Miniature EPSC analysis
mEPSCs were detected for 60 -80 s with 3 mM kynurenic acid applied for 2 s of every 10 s for background noise subtraction. For each cell, data were filtered at 1 kHz and analyzed using template-based mEPSC detection algorithms implemented in analysis software Axograph 4.9 (Molecular Devices, Union City, CA). Threshold for detection was set at three times the baseline SD from a template of 0.5 ms rise time and 3 ms decay. mEPSCs were captured from the time during the trace without kynurenic acid, and those outside allowable ranges for amplitude, rise time, and half-width were rejected. The remaining number of events were counted and averaged to determine frequency and mean amplitude. The same procedure was then repeated for the time during the trace when kynurenic acid was applied. The frequency and amplitude of these cap-tured events was considered the rate and amplitudes of false positives. It was subtracted from the original frequency, and the average amplitude was adjusted accordingly.
Results
Generation of the VGLUT2 knock-out mice
In mouse, the VGLUT2 gene contains 12 exons. We performed homologous recombination resulting in deletion of exon 2 and disruption of the open reading frame (Fig. 1 A, B) . Correct targeting in ES cells was confirmed by Southern blot analysis (results not shown), and loss of the wild-type VGLUT2 allele was confirmed by PCR analysis. Expression of the VGLUT2 transcript was strongly reduced in VGLUT2 Ϫ/Ϫ embryos, whereas intermediate levels were obtained in the VGLUT2 ϩ/Ϫ embryos (Fig. 1C) . A residual transcript was still present in the VGLUT2 Ϫ/Ϫ embryo (Fig. 1C) , but no VGLUT2 protein was detectable in VGLUT2 Ϫ/Ϫ animals ( Fig. 1 D, E) . The VGLUT2 protein level in brain from VGLUT2 ϩ/Ϫ animals was found to be reduced by 54 Ϯ 5% (mean Ϯ SEM) compared with VGLUT2 ϩ/ϩ animals ( Fig. 1 E) , suggesting gene dosage dependency of VGLUT2 expression. To look for potential compensatory mechanisms, VGLUT1 and VGLUT3 mRNA levels were analyzed in brain, spinal cord, and DRG of adult mice, but no changes in expression level could be detected between VGLUT2 ϩ/ϩ and VGLUT2 Ϫ/Ϫ mice (data not shown). Western analysis showed that VGLUT1 protein levels were not affected in VGLUT2 Ϫ/Ϫ mice (Fig. 1F) .
Lethality of VGLUT2
Ϫ/Ϫ newborns VGLUT2-deficient animals were born at the expected Mendelian frequency, but VGLUT2 Ϫ/Ϫ mice died at or immediately after birth. E18.5 embryos, derived from VGLUT2 ϩ/Ϫ ϫ VGLUT2 ϩ/Ϫ breeding, were collected to investigate whether the lack of VGLUT2 protein caused any developmental abnormalities. After cesarean delivery, mutant embryos did not react to forceps stimuli, remained in a fetal position, and did not exhibit a breathing reflex. They became rapidly cyanotic and died a few minutes after delivery as judged from cessation of heartbeats. Full necropsy and histological examination did not reveal any apparent developmental abnormalities. Serial histological sections through the brain did not show differences in cytoarchitecture (supplemental data, available at www.jneurosci.org as supplemental material). In the spinal cord region, histology of the motor neurons and dorsal root ganglia along the VGLUT2 Ϫ/Ϫ spinal cords was normal (supplemental data, available at www.jneurosci.org as supplemental material).
Although the complete loss of VGLUT2 is lethal, VGLUT2 ϩ/Ϫ mice were not obviously different from their wild-type littermates. However, the loss of 50% of VGLUT2 protein may affect excitatory drive, at least in some parts of the brain in which VGLUT2 is present, because the level of expression of vesicular transporters has been shown to affect the postsynaptic response to single-vesicle fusion (Wojcik et al., 2004; Wilson et al., 2005) . Because a gene dosage effect for the vesicular monoamine transporter has not only been linked to changes in quantal responses but also to behavioral phenotypes (Takahashi et al., 1997) , we pursued a series of behavioral tests on VGLUT2 ϩ/Ϫ mice and compared them with their wild-type littermates.
Behavioral analysis of the VGLUT2
ϩ/Ϫ mice VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ mice were tested in measurements of spontaneous activity in the home cage, open field test, rotarod, elevated plus maze, social interaction, passive avoidance learning, Morris water maze, and context-dependent fear conditioning. None of these tests showed significant differences between the genotypes, indicating that the VGLUT2 ϩ/Ϫ mice have normal neuromotor performance, innate fear-related behavior, and learning and memory performance (supplemental data, available at www.jneurosci.org as supplemental material). In the water maze test (Fig. 2 A) , genotype had no effect on ability to improve performance as a result of training or escape latency (F (1,56) Ͼ 1; p ϭ 0.3), and VGLUT2 ϩ/Ϫ mice reached the escape platform even faster than VGLUT2 ϩ/ϩ mice during trial block 2 ( p ϭ 0.04). Also, both genotypes showed similar cue-and contextdependent fear response learning (Fig. 2 B) . Both groups responded with increasing freezing after two light footshocks (F (1,22) ϭ 23.76; p Ͻ 0.001), and both showed robust fear response to the tone-shock pairing, with comparable freezing scores. Freezing score in both genotypes was significantly reduced when the context was changed (F (1,22) ϭ 37.24; p Ͻ 0.001), but tone exposure still elicited a significant response in both genotypes (F (1,22) ϭ 58.299; p Ͻ 0.001).
Acute nociception is normal in VGLUT2
ϩ/Ϫ mice To test for sensory performance, we used acute nociceptive perception tests, including the hot plate test, tail withdrawal, and Hargreaves' test (Table 1) , and did not observe any differences between the genotypes. In the hot plate test, licking or jumping responses are considered to be the result of supra-spinal sensory integration. Higher temperatures led to lower response latencies in both genders (temperature effect, F (3,92) ϭ 110.3, p Ͻ 0.001; F (3,92) ϭ 137.0, p Ͻ 0.001 in males and females, respectively), and the response latency was not different between genotypes in females (genotype effect, F (1,94) ϭ 0.1; p ϭ NS) at any temperature (Table 1) . In males, a significant difference between genotypes was observed (genotype effect, F (1,94) ϭ 5.7; p ϭ 0.019), but post hoc analysis attributed this entirely to a small difference at the lowest temperature only (Table 1) . Similar results were obtained in the tail withdrawal test, in which the response is considered to be a spinal reflex. Again a clear temperature effect was observed in both genders (temperature effect, F (3,92) ϭ 16.3, p Ͻ 0.001; F (3, 92) ϭ 115.8, p Ͻ 0.001 in males and females, respectively), and the response latency was not different between genotypes (genotype effect, F (1,94) ϭ 0.01, p ϭ NS; F (1,94) ϭ 0.01, p ϭ NS in males and females, respectively) across the range of temperatures (Table 1) . Applying a radiant heat stimulus to the subplantar side of the hindpaw using Hargreaves' test also showed no significant differences in withdrawal latencies between the two genotypes (genotype effect, F (1,46) ϭ 0.8, p ϭ NS; F (1,46) ϭ 0.5, p ϭ NS in males and females, respectively), on either the left or the right side (Table 1 ). The lack of significant effects in acute pain tests indicate that acute nociception is intact, on the peripheral, spinal, and supra-spinal level. Inflammatory and neuropathic pain models in VGLUT2 ϩ/Ϫ mice We next examined whether the absence of VGLUT2 affected the behavioral responses of mice in inflammatory and neuropathic pain models. Inflammatory pain and neuropathic pain involve an activitydependent facilitation in excitability of both peripheral neurons (peripheral sensitization) and spinal and supra-spinal neurons (central sensitization), including different brain regions such as the thalamus and cortex (Bridges et al., 2001; Kidd and Urban, 2001) . To examine the contribution of VGLUT2 to inflammatory pain signaling, we used two models: peripheral injection of formalin and peripheral injection of carrageenan. Formalin was injected into the plantar side of the hindpaw. Mice responded by flinching of the injected paw, and this behavior was typically concentrated in two distinct phases (Fig.  3A) , with peak flinch rates during phases I and II being in the order of 60 and 40 flinches/min (phase effect, F (3,88) ϭ 92.0; p Ͻ 0.001). However, no difference in behavioral response was observed between VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ mice (F (1,90) ϭ 0.007; p ϭ NS) (Fig. 3B) . VGLUT2 ϩ/Ϫ and VGLUT2 ϩ/ϩ littermates were also compared in a second test of inflammatory pain, the carrageenan model (Fig. 3C) . Intraplantar injection of carrageenan induced a significant decrease of paw withdrawal latencies in the VGLUT2 ϩ/ϩ mice (treatment effect, F (1,70) ϭ 15.7, p Ͻ 0.001; F (1,70) ϭ 59.2, p Ͻ 0.001 for males and females, respectively), as well as in the VGLUT2 ϩ/Ϫ mice (treatment effect, F (1,70) ϭ 11.936, p ϭ 0.001; F (1,70) ϭ 20.3, p Ͻ 0.001 for males and females, respectively), demonstrating the development of hyperalgesia as a consequence of sensitization in both genotypes.
To evaluate neuropathic pain, we evaluated the behavioral responses of mice in the spared nerve injury (SNI) model. In SNI, two of the three terminal branches of the sciatic nerve are sectioned. Two tests were performed to measure the degree of neuropathic pain: mechanical allodynia (von Frey test) and cold allodynia (acetone test). Responses to mechanical and cold stimuli were measured at the plantar surface of the foot before and 2, 6, 9, 14, and 21 d after SNI surgery. Before surgery, no significant difference in mechanical threshold was observed between VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ mice (7.66 Ϯ 0.25 and 8.07 Ϯ 0.30 g, respectively, F (1,46) ϭ 1.03, p ϭ NS in males; 6.48 Ϯ 0.27 and 6.33 Ϯ 0.24 g, respectively, F (1,46) ϭ 0.43, p ϭ NS in females) (Fig. 4 A) . In the VGLUT2 ϩ/ϩ mice, an SNI operation induced a significant 30 -40% decrease in the mechanical threshold for ipsilateral hindpaw withdrawal that was apparent at the first test day (day 2 after injury) and lasted for Ͼ21 d after injury (treatment effect, F (1,142) ϭ 69.3, p Ͻ 0.001; F (1,142) ϭ 123.5, p Ͻ 0.001 in males and females, respectively). However, mechanical allodynia was completely absent in the male VGLUT2 ϩ/Ϫ SNIoperated mice (treatment effect, F (1,142) ϭ 3.4; p ϭ NS). A weak allodynia was observed in the female VGLUT2 ϩ/Ϫ SNI-operated mice (treatment effect, F (1,142) ϭ 15.4; p Ͻ 0.01), with a significant difference in threshold between SNI-and sham-operated female VGLUT2 ϩ/Ϫ mice only at days 9 and 21 after injury (Fig.  4 A) . As a control, the mechanical thresholds of the right (contralateral) non-operated hindpaw of all groups did not show a decrease after surgery (data not shown).
Cold allodynia tests showed no significant difference in reaction time to acetone between VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ mice before the operation (1.31 Ϯ 0.29 and 1.01 Ϯ 0.27 s, respectively, F (1,46) ϭ 0.59, p ϭ NS in males; 1.68 Ϯ 0.39 and 1.86 Ϯ 0.38 s, respectively, F (1,46) ϭ 0.34, p ϭ NS in females) (Fig. 4 B) . In the VGLUT2 ϩ/ϩ mice, the SNI operation induced a hypersensitivity of the operated hindpaw, as measured by the increased response time of paw withdrawal after the acetone spray. This effect was seen already on the first test day (day 2 after injury) and lasted for Ͼ21 d after injury (treatment effect, F (1,142) ϭ 68.2, p Ͻ 0.001; F (1,142) ϭ 29.0, p Ͻ 0.001 in males and females, respectively). In contrast to VGLUT2 ϩ/ϩ mice, hypersensitivity was completely absent in the female VGLUT2 ϩ/Ϫ SNI-operated mice (treatment effect, F (1,142) ϭ 3.2; p ϭ NS), and only a relatively weak increased sensitivity was observed in the male VGLUT2 ϩ/Ϫ SNI-operated mice (treatment effect, F (1,142) ϭ 10.0; p Ͻ 0.01), with no significant difference in response time between SNI and shamoperated male VGLUT2 ϩ/Ϫ mice observed at any specific day after injury (Fig. 4 B) .
Abnormal marble burying and conditioned taste aversion in VGLUT2
ϩ/Ϫ mice Both the marble burying test, a measure of defensive behavior, and the conditioned taste aversion test showed significant differences between VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ mice. In the defensive marble burying test, VGLUT2 ϩ/Ϫ mice buried significantly fewer marbles than their VGLUT2 ϩ/ϩ littermates (7.5 Ϯ 0.92 and 13 Ϯ 1.82 for VGLUT2 ϩ/Ϫ and VGLUT2 ϩ/ϩ , respectively; F (1,22) ϭ 7.273; p ϭ 0.013). Genotype effects were also observed in the conditioned taste aversion test (Fig. 2C) . After intraperitoneal injection of lithium, both VGLUT2 ϩ/Ϫ mice and VGLUT2
littermates displayed a clear aversion toward saccharin-flavored water. Repeated exposure to saccharin solutions gradually extinguished the initial taste aversion with marginally more pronounced extinction in the VGLUT2 ϩ/Ϫ group (F (1,22) ϭ 4.128; p ϭ 0.054). When the groups were split in high (AI Ͼ0.9) and low (AI Ͻ0.9) responders, much more pronounced extinction was observed in the low-responder VGLUT2 ϩ/Ϫ (Fig. 2C) . In the VGLUT2 ϩ/ϩ group, this subdivision resulted in four low and Hargreaves' test VGLUT2
Left 8.0 Ϯ 0.9 7.6 Ϯ 0.5 6.6 Ϯ 0.4 6.9 Ϯ 0.6 Right 7.7 Ϯ 1.0 6.7 Ϯ 0.6 6.7 Ϯ 0. eight high responders that only showed a difference on extinction trial 5. The VGLUT2 ϩ/Ϫ group was divided into five low and seven high responders, with a significant effect of group (F (1,40) ϭ 16.123; p ϭ 0.002) and trial ϫ group interaction (F (1,40) ϭ 6.952; p Ͻ 0.001). Notably, marble burying and taste aversion (on trial 5) were significantly correlated in the VGLUT2 ϩ/Ϫ mice (r ϭ 0.615; p Ͻ 0.05).
Given these discrete effects of the loss of one allele of VGLUT2 on behavior, we wanted to provide physiological evidence for the role of VGLUT2 in central excitatory synaptic transmission and also try to identify a functional correlate for the phenotype observed in the heterozygous mice.
Synaptic transmission in VGLUT2
Ϫ/Ϫ and VGLUT2 ϩ/Ϫ mice To study synaptic transmission, we relied on autaptic cultured neurons obtained from VGLUT2 ϩ/ϩ , VGLUT2 ϩ/Ϫ , and VGLUT2 Ϫ/Ϫ mice, because this system is ideally suited to quantify changes in basic synaptic properties. We made autaptic cultures of both hippocampal and thalamic neurons, because the other major VGLUT isoform, VGLUT1, is predominantly expressed in neurons of the forebrain and hippocampus and shows weak expression in thalamus, whereas VGLUT2 is strongly expressed in thalamus and weakly expressed in hippocampus Fremeau et al., 2001; Herzog et al., 2001) . Autaptic cultures of thalamus have, to our knowledge, not been examined previously. In our thalamic cultures, ϳ60 -70% of the neurons were excitatory and 30 -40% inhibitory. Both cell types were distinguished by the time course of the synaptic current in response to a brief depolarization and by the sensitivity of this current to the AMPA receptor antagonist kynurenic acid (3 mM). The mean EPSC peak amplitude in VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ thalamic neurons was 2.44 Ϯ 0.33 nA (n ϭ 37) and 2.41 Ϯ 0.32 nA (n ϭ 32), respectively (Fig. 5A) . In contrast, EPSC amplitudes from VGLUT2 Ϫ/Ϫ neurons averaged only 91 Ϯ 16 pA (n ϭ 33; p Ͻ 0.001), which corresponds to Ͼ95% reduction in synaptic response. An additional 21% of non-GABAergic VGLUT2 Ϫ/Ϫ neurons showed no evoked response at all, although ϩ/Ϫ male groups (filled symbols), whereas for VGLUT2 ϩ/Ϫ females, a significant difference in mechanical allodynia was only found 9 and 21 d after surgery. Data are presented as mean Ϯ SEM; n ϭ 12.
$ p Ͻ 0.05 within VGLUT2 ϩ/Ϫ groups; *p Ͻ 0.05, **p Ͻ 0.001 within VGLUT2 ϩ/ϩ groups. B, Effect of the spared nerve injury on the acetone test in both genotypes. The average Ϯ SEM response time (in seconds) of the ipsilateral hindpaw during a 1 min observation period is plotted against the time. Similar to the results of mechanical allodynia, we observed highly significant differences in cold allodynia within the VGLUT2 ϩ/ϩ groups (*p Ͻ 0.05; **p Ͻ 0.001) but not in VGLUT2 ϩ/Ϫ mice (only significant difference at day 2 in females;
$ p Ͻ 0.05). Pre, Preoperative control value. Data are presented as mean Ϯ SEM; n ϭ 12. ϩ/ϩ and VGLUT2 ϩ/Ϫ male littermates. A, Frequency of flinching per minute is presented over a 60 min period. B, Mean number of flinches in each phase of the automated formalin test. No significant differences between genotypes were found. Data are presented as mean Ϯ SEM; n VGLUTϩ/Ϫ ϭ 11; n VGLUTϩ/ϩ ϭ 12. C, Effect of carrageenan (2%) injection on thermal sensitivity in VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ littermates (Hargreaves' test). Paw withdrawal latencies are presented for the carrageenan/vehicleinjected paw. For VGLUT2 ϩ/ϩ animals, differences between carrageenan-(open squares) and vehicle-(open circles) injected mice were statistically significant on all time points after injection for both sexes. For VGLUT2 ϩ/Ϫ mice, a significant effect of treatment was observed, and post hoc analysis (Holm-Sidak method) showed significant differences at one (males) or two (females) time points after injection. Data are presented as mean Ϯ SEM; n ϭ 6. $ p Ͻ 0.05, $$ p Ͻ 0.001 within VGLUT2 ϩ/Ϫ groups; *p Ͻ 0.05, **p Ͻ 0.001 within VGLUT2 ϩ/ϩ groups.
this was never observed in the VGLUT2 ϩ/ϩ or VGLUT2 ϩ/Ϫ cultures. To examine whether a change in glutamate receptors was responsible for the observed decrease in the evoked response, we applied 10 M kainate, a glutamate receptor agonist that elicits a nondesensitizing response from AMPA receptors, and measured the steady-state current. Kainate responses were slightly larger in VGLUT2 Ϫ/Ϫ (890 Ϯ 115 pA; n ϭ 17) and VGLUT2 ϩ/Ϫ (802 Ϯ 77 pA; n ϭ 27) neurons than in wild type (782 Ϯ 114 pA; n ϭ 24), but the difference was not significant.
To identify what caused the severe reduction of the evoked response in the VGLUT2 Ϫ/Ϫ neurons, we first determined the RRP size of VGLUT2 ϩ/ϩ , VGLUT2 ϩ/Ϫ , and VGLUT2 Ϫ/Ϫ neurons by applying hypertonic sucrose (Rosenmund and Stevens, 1996) . Whereas VGLUT2 ϩ/ϩ and VGLUT2 ϩ/Ϫ neurons had similar RRP charges of 211 Ϯ 39 pC (n ϭ 37) and 260 Ϯ 55 pC (n ϭ 32), the charge in the VGLUT2 Ϫ/Ϫ neurons was reduced by Ͼ90% to 16.1 Ϯ 3.5 pC (n ϭ 33; p Ͻ 0.001) (Fig. 5B) . This suggests that the reduction of the evoked response in the VGLUT2 Ϫ/Ϫ neurons is mainly attributable to a reduction of release-ready, glutamate-containing vesicles.
In the mature hippocampus, glutamatergic transmission is almost entirely dependent on VGLUT1 (Fremeau et al., 2004b; Wojcik et al., 2004) , but VGLUT2 is expressed transiently during development and at low levels in adulthood (Fremeau et al., 2001 (Fremeau et al., , 2004b Herzog et al., 2001; Boulland et al., 2004) . In contrast to thalamic neurons, however, 15-18 d in vitro hippocampal neurons showed no significant effect from the removal of VGLUT2 (Fig. 6) . Evoked EPSC amplitudes (VGLUT2 ϩ/ϩ , 10.4 Ϯ 1.9 nA, n ϭ 16; VGLUT2 Ϫ/Ϫ , 9.6 Ϯ 2.0 nA, n ϭ 20) and the RRP size (VGLUT2 ϩ/ϩ , 1115 Ϯ 128 pC, n ϭ 16; VGLUT2 Ϫ/Ϫ , 1325 Ϯ 1314 pC, n ϭ 20) were similar in both genotypes.
Spontaneous release in VGLUT2
Ϫ/Ϫ and VGLUT2 ϩ/Ϫ mice Although the analysis of evoked responses and the readily releasable pool revealed a clear phenotype in the VGLUT2 Ϫ/Ϫ thalamic neurons, the neurons from heterozygous mice showed no significant effects. This could be attributable to the intrinsically large variability of the quantity of synapses formed in culture or to a possible compensatory effect. A reduction in the number of VGLUTs may, however, also lead to a reduced content of glutamate in the vesicle and consequently to a reduced mEPSC amplitude (Wojcik et al., 2004) , and this property will be insensitive to synapse number variability. We therefore performed an analysis of spontaneous release activity (Fig. 7) . In thalamic VGLUT2 Ϫ/Ϫ neurons, mEPSC frequency was reduced by almost 90% (VGLUT2 ϩ/ϩ , 6.7 Ϯ 1.2 Hz, n ϭ 34; VGLUT2 Ϫ/Ϫ , 0.82 Ϯ 0.2 Hz, n ϭ 29; p Ͻ 0.001), a finding consistent with the reduced RRP size (Fig. 5B) . The mEPSC frequency in VGLUT2 ϩ/Ϫ neurons was 5.6 Ϯ 0.8 Hz, which was slightly lower but not significantly different from VGLUT2 ϩ/ϩ neurons. The mean amplitude of mEPSCs, however, was significantly different in all three groups (Fig.  7B) . VGLUT2 ϩ/ϩ neurons had the largest mEPSC amplitudes (20.9 Ϯ 1.5 pA; n ϭ 34), whereas the amplitude of VGLUT2 Ϫ/Ϫ mEPSCs was just more than half of that value (11.3 Ϯ 1.0 pA; n ϭ 29; p Ͻ 0.001). mEPSC amplitude measured from VGLUT2 ϩ/Ϫ neurons was between the wild-type and knock-out value at 15.9 Ϯ 0.9 pA (n ϭ 34; p Ͻ 0.01 vs VGLUT2 ϩ/ϩ ; p Ͻ 0.05 vs VGLUT2 Ϫ/Ϫ ), suggesting that total glutamate content per vesicle is extremely sensitive to VGLUT protein levels. Hippocampal neurons in contrast showed no significant change in spontaneous release rate or mEPSC amplitude. Thus, the physiological analysis not only demonstrates the absolute importance of VGLUT2 for thalamic function, it also provided evidence for a significant reduction in quantal size when VGLUT2 levels are reduced to 50%.
Discussion
Findings from the VGLUT2 Ϫ/Ϫ mouse now confirm hypotheses suggested by the localization of VGLUT mRNA and electrophysiological results from the VGLUT1 Ϫ/Ϫ mouse but also demonstrate an essential role for expression levels of vesicular glutamate transporters in regulating the strength of individual vesicle release events Fremeau et al., 2001 Fremeau et al., , 2004b Herzog et al., 2001; Wojcik et al., 2004) . In addition, we demonstrate this subtle reduction in excitatory drive is correlated with changes in behavioral responses to neuropathic lesions and defensive behavior. VGLUT2 Ϫ/Ϫ mice die at birth, whereas VGLUT1 Ϫ/Ϫ mice survive for ϳ3 weeks, a contrast that demonstrates the importance of VGLUT2 in early development and its predominance in the brainstem and pons, in which the neurons controlling the basic functions of respiration and the autonomic nervous system reside. The collapsed lung alveoli of the VGLUT2-deficient embryos indicate that they are dying as a result of respiratory failure. Because many neurons of the respiratory network contain VGLUT2 mRNA, such as the neurokinin-1-expressing cells of the medullary ventral respiratory group that are required for normal respiratory rhythmogenesis (Stornetta et al., 2003a,b; Weston et al., 2004) , it is likely that the loss of VGLUT2 in these neurons disrupts glutamate release in a similar manner to the thalamic neurons we tested and underlies the respiratory failure.
Our results also functionally demonstrate what is suggested by the localization of the two isoforms, that VGLUT2 is necessary for glutamatergic transmission in the diencephalon but not the telencephalon. Together with previous studies, we can now state that the presence or absence of VGLUT1 and/or VGLUT2 determines whether a neuron releases glutamate or not at the majority of CNS synapses (Bellocchio et al., 2000; Takamori et al., 2000 Takamori et al., , 2001 Fremeau et al., 2004b; Wojcik et al., 2004) . Whether VGLUT isoforms also regulate how a neuron releases glutamate remains controversial. Comparing results from autaptic VGLUT2 Ϫ/Ϫ neurons from the thalamus with those from hippocampal VGLUT1 Ϫ/Ϫ neurons shows a similar physiological phenotype, indicating that the differences between the two isoforms may be limited to where and when they are expressed. Both isoforms play an essential role in vesicle filling, because their removal leads to a dramatic reduction in evoked responses, pools of glutamate containing and readily releasing vesicles, and spontaneous release. The sparse release activity that remains in each case is most likely mediated by sporadic expression of the other isoform.
A 50% reduction in VGLUT2 protein levels resulted in a surprisingly specific abolishment of neuropathic pain in the spared nerve injury model, a previously described robust model with substantial and prolonged changes in mechanical sensitivity and thermal responsiveness in both rat and mouse (Decosterd and Woolf, 2000; Shields et al., 2003) . In contrast, several general behavioral tests, as well as behavior associated with sensory processing, acute nociception, or inflammatory pain, were not affected. Where does this specificity in behavior come from?
Changes in glutamatergic signaling at the peripheral, spinal, and supra-spinal levels have been reported to impact neuropathic pain (Chiechio et al., 2004; Zieglgansberger et al., 2005) Although our experiments do not address the likely involvement of peripheral and spinal circuitry in neuropathic pain, our data provide strong support of the involvement of VGLUT2-dependent thalamic signaling in neuropathic pain. First, the finding that acute nociception is normal indicates that baseline glutamatergic signaling in nociceptive pathways at the peripheral, spinal, and supra-spinal levels is unchanged in the VGLUT2 ϩ/Ϫ mice. Second, inflammatory pain and, more specifically, the behavioral response in the second phase of the formalin test, which involves glutamate-mediated sensitization at the level of the periphery and the spinal cord (Tjolsen et al. , 1992; Taylor et al., 1995; Wei et al., 2001) , is normal in the VGLUT2
. This suggests that VGLUT2 reduction in these areas is not sufficient to impair mechanisms of pain sensitization. A simple explanation is that, on the peripheral and spinal level, a partial loss of VGLUT2 is compensated by VGLUT1 function, because VGLUT1 is abundantly expressed in most parts of the spinal cord (Li et al., 2003; Alvarez et al., 2004; Landry et al., 2004) Third, forebrain synapses use VGLUT1 as their main vesicular glutamate transporter and are unlikely to be affected by reduction of VGLUT2 content (Fremeau et al., 2001 (Fremeau et al., , 2004b Herzog et al., 2001; Wojcik et al., 2004) (Fig. 6) .
VGLUT2 has its most exclusive expression patterns in brainstem and the thalamus. Among those regions, the importance of the thalamus in the development and maintenance of neuropathic pain is well documented. The neuropathic pain model has been shown to lead to a functional increase in the strength of lateral connections in the somatosensory thalamus (Bruggemann et al., 2001) . Studies in rat neuropathic pain models, as well as physiological studies in humans with chronic pain, have demonstrated abnormal discharge patterns in the thalamus (Guilbaud et al., 1990; Lenz et al., 1994 Lenz et al., , 1995 . In addition, NMDA receptor antagonists have been shown to reduce nociceptive-induced activity in the thalamus, whereas NMDA antagonism and modulation of metabotropic glutamate receptor signaling at the level of the thalamus block the development of hyperalgesia in both rat and primate neuropathic pain models (Dougherty et al., 1996; Kolhekar et al., 1997; Bordi and Quartaroli, 2000; Neugebauer, 2002; Chiechio et al., 2004) .
Additional behavioral data suggest that partial loss of VGLUT2 function affects thalamic processing. The faster conditioned taste aversion extinction in these mice mimics results from rats in which the thalamus was chemically lesioned (Yamamoto et al., 1995) . This does not reflect a mere anxiolytic effect of VGLUT2 deficiency, because VGLUT2 ϩ/Ϫ mice did display reduced marble burying, but the prototypical anxiety test, the elevated plus maze, was unaltered in these animals. De Boer and Koolhaas (2003) demonstrated that marble burying and elevated plus maze performance are in fact not correlated and suggest that these tests assess active and passive emotional coping strategies, respectively, that are known to depend on different neuroanatomical circuits. Older works has shown that such active, defensive behaviors are indeed impaired in rats with thalamic lesions (Alexinsky et al., 1971; Kanki and Adams, 1978) , and more recently, Bhatnagar et al. (2003) described distinct changes in defensive burying in rats with paraventricular thalamic lesions. However, defensive behaviors seem to depend especially on midline thalamic nuclei that relay information between prefrontal cortex and limbic structures (Phelps and LeDoux, 2005; Vertes, 2006) . Kolb and Whishaw (1981) have shown that neonatal lesions that destroy frontal corticothalamic pathways abolish defensive burying in rats. Interestingly, marble burying has also been suggested as a murine model for obsessive-compulsive disorder (OCD) (Njung'e and Handley, 1991; Ichimaru et al., 1995) , and a group II metabotropic glutamate receptor antagonist that reduced marble-burying in mice was suggested for clinical use in OCD (Shimazaki et al., 2004) .
The possible involvement of thalamus in the VGLUT ϩ/Ϫ -associated behavior was supported by the electrophysiological analysis of thalamic neuronal cultures, in which loss of both VGLUT2 alleles almost completely abolished excitatory synaptic transmission, whereas the heterozygous neurons showed a discrete but significant 25% reduction in the postsynaptic response to single vesicle fusion (quantal size). In our previous study on VGLUT1 Ϫ/Ϫ neurons in hippocampus, spontaneous release events were ϳ50% reduced in amplitude (similar to the magnitude of reduction seen in VGLUT2 Ϫ/Ϫ thalamic neurons) (Fig.  7B) , indicating that the number of vesicular transporters can dynamically influence the glutamate filling state of synaptic vesicles and hence the mEPSC amplitude (Wojcik et al., 2004) . Other studies using brain slices did not detect a reduction in mEPSC amplitude with deletion of VGLUT1 (Fremeau et al., 2004b) and have found that one transporter may suffice to fill a synaptic vesicle to normal levels at the Drosophila neuromuscular junction (Daniels et al., 2006) . Here we show that loss of both VGLUT2 alleles in thalamic neurons leads to a 50% reduction in mEPSC amplitude and that a reduction in VGLUT2 levels by 50% leads to a 25% reduction in mEPSC amplitude, a result that is most likely attributable to the fact that, in central mammalian synapses, individual vesicles contain multiple glutamate transporters per vesicle. A significant reduction of transporters then leads to a reduced vesicle filling state and thus a reduced quantal response size. Because overexpression studies have found that increased VGLUT levels can increase quantal size (Daniels et al., 2004; Wojcik et al., 2004; Wilson et al., 2005) , both increasing and decreasing levels of VGLUTs seems to have a significant effect on the amount of glutamate in a synaptic vesicle. Because altered levels of VGLUTs have been demonstrated in response to pharmacological treatment and in disease states (De Gois et al., 2005; Eastwood and Harrison, 2005; Wilson et al., 2005; Kashani et al., 2006) , bidirectional regulation of VGLUT levels is likely an endogenous mechanism for controlling synaptic strength in glutamatergic synapses.
Although all of these data are in good agreement with a thalamic location of the neuropathic pain defect and the other behavioral deficits, future behavioral analysis using region specific knockdown methodologies for VGLUT2 (conditional mouse knock-out, region-specific in vivo RNA interference, etc.) will allow to specifically test the involvement of the thalamus and other morphological substrates such as the spinal cord. At the spinal level, NMDA-and mGluR-mediated glutamatergic signaling have been shown to play a key role in the sensitization of dorsal horn neurons and the establishment of hyperalgesia and allodynia, the typical features of neuropathic pain (Zieglgansberger et al., 2005) . Regardless of the exact circuitry that is impaired in the VGLUT2 ϩ/Ϫ mice, we have identified VGLUT2 as a molecular player in the development and/or maintenance of neuropathic pain, and these animals will be valuable tools in studying the underlying disease mechanisms. Furthermore, VGLUT2 antagonism could present an attractive therapeutic strategy in treatment of neuropathic pain, because current therapeutic strategies for neuropathic pain have relatively poor overall efficacy, and tolerability or side effects are often limiting, particularly when therapeutic strategies target glutamatergic neurotransmission. Longer-term treatment with NMDA antagonists has been associated with serious adverse effects, including memory loss (Harris et al., 1975; Collins and Chessell, 2005) . Importantly, no impairment in memory and learning, neuromotor performance, or anxiety-related behavior was observed in the VGLUT2 ϩ/Ϫ mice, suggesting that such unwanted side effects could be avoided in this therapeutic approach. The observed decrease in defensive behavior in the VGLUT2 ϩ/Ϫ mice suggests that antagonism of VGLUT2-mediated glutamatergic neurotransmission could also be applied for clinical use in anxiety-related disorders, including OCD.
